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ABSTRACT
Much is known about the effects of matrix stiffness and matrix topography on
cell behavior, however they are seldom investigated in tandem. Presented and
validated here is a micromolding method to introduce topographical features
onto polyacrylamide (PA) substrates of tunable Young’s modulus (E). Fea-
ture fidelity is largely influenced by hydrogel swelling and most efficient on
gels with a crosslinker concentration above 4.5%. However, this swelling does
not affect the spacing of surface patterned ligands on two-dimensional PA gels.
Bovine aortic endothelial cells (BAECs) cultured on linear micromolded features
exhibit greater degrees of contact guidance with greater substrate E. Also de-
scribed are applications of micromolding for future studies in cell mechanics.
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CHAPTER 1
INTRODUCTION
1.1 Background
Current research has brought much attention to the role of microenvironmental
cues in determining cell behavior [3]. In vivo , these cues promote the mainte-
nance of homeostasis in healthy tissues. Changes in both these cues and their in-
terpretation by cells can lead to the development of disease states. Understand-
ing the mechanisms by which cells integrate microenvironmental cues may aid
in the development of future medical technologies, specifically in tissue engi-
neering.
The ability of cells to sense their surrounding mechanical environment is
derived from the cytoskeleton and its integration with countless signal trans-
duction pathways. A cell’s cytoskeleton—made up of filamentous actin, mi-
crotubules, and intermediate filaments—is connected to the microenviron-
ment through transmembrane proteins that bind extracellular moieties. Inte-
grins connect the cytoskeleton to the surrounding extracellular matrix (ECM),
while cadherins, selectins and immunoglobulins mediate cell-cell connections.
Associated with cell-matrix and cell-cell adhesions are a slew of signaling
molecules including, but certainly not limited to, focal adhesion kinase (FAK),
extracellular-signal-regulated kinases (ERKs), and Src. Downstream of these ad-
hesions are GTPases such as RhoA, Rac1, and Cdc42, responsible for activating
or deactivating other programs of cell activity such as contractility, spreading,
and process extension. There is a complex network through which mechanical
signals are integrated into cell behavior decisions. Consequently, small pertur-
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bations of input signals can cause disruption of proper signal integration, lead-
ing to disease.
Angiogenesis, the process of new blood vessel formation from existing ves-
sels, is a crucial component of development, wound healing, and pathogen-
esis. For example, in cancer, angiogenesis enables the formation of vascula-
ture within tumors. However this tumor vasculature is often disorganized and
leaky, indicative of dysregulated angiogenesis [4]. Dysregulated angiogenesis
has also been implicated in many other diseases such as diabetes, atherosclero-
sis, inflammatory bowel disease, and hypertension [4]. Key to this dysregula-
tion is aberrant cellular responses to endothelial morphogenic regulators which
include soluble [5] and mechanical cues [6]. Normal angiogenesis starts with
the breakdown of ECM in the basement membrane. This can be initiated by
molecules such as fibroblast growth factor (FGF) [7] or other cues. The resulting
changes in the mechanical properties of the matrix induce neighboring endothe-
lial cells to sprout or invade into the surrounding matrix to form nascent tubules
that eventually mature into vessels [6]. When cells cannot properly integrate the
normal cues that guide angiogenesis or when faulty cues are present, disorga-
nized and immature vasculature or even vessel regression can result [6, 4, 5].
Angiogenesis therefore requires precise regulation in vivo.
The disruption of mechanical microenvironmental cues and their integration
can be found in numerous disease contexts such as atherosclerosis [3], cancer
metastasis [8], progeria, and muscular dystrophy [9] for example. Understand-
ing how cells interpret cues from their mechanical microenvironments is crucial
to advancing disease treatment and tissue engineering.
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1.2 Matrix stiffness and topography influence cell behavior
1.2.1 Substrate stiffness
The mechanical stiffness of the extracellular matrix (ECM) is known to influence
both cell and tissue behavior. Matrix mechanical properties vary across both
length scale and tissue type [10]. For example, brain tissue stiffness is around 1
kPa while bone has a modulus on the order of gigapascals. As such, cell types
native to different tissues exposed to identical sets of mechanical cues in vitro
can exhibit differing degrees of response to those cues [11, 10]. Changes in the
local matrix stiffness can cause changes in cellular function. In vivo, tumors are
one example where tissue stiffness is can be altered. Such alterations in matrix
stiffness elicit changes in cellular behavior by disrupting cellular mechanical
homeostasis [8].
Any alterations in the cellular machinery used to sense the mechanical prop-
erties of the microenvironment can result in aberrant behavior. To date, in vitro
experimentation systems for studying the effects of matrix stiffness tradition-
ally utilize flat cell culture substrates with a variable Young’s modulus (E). By
far, the most common cell culture substrates used when exploring the effects of
stiffness on cell behavior are polyacrylamide (PA) gels. This is due to the ease
of tuning the Young’s modulus of the gel through its composition. Unmodified,
the PA gel surface is non-adhesive to cells. Several methods exist for the addi-
tion of adhesive ligands to its surface, making its surface chemistry highly con-
trollable. Despite its advantages, PA gels serve primarily as two-dimensional
substrates. Mechanobiology studies seeking to explore cell behavior in three
dimensions usually employ hydrogels composed of biological polymers such
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as collagen or fibrin. Using such two-dimensional substrates, stiffness has been
shown to influence many aspects of cellular behavior.
In 1997, Pelham and Wang were the first to show that cells can sense the
stiffness of the culture substrate. Their data illustrated that normal rat kidney
epithelial cells migrate slower on stiff substrates and that substrate stiffness in-
fluences the morphology of adhesions structures [12]. Later work by Lo et al.
suggested that fibroblasts preferentially migrate to areas of greater stiffness and
exert greater traction forces on the substrate [13]. This influence on cell migra-
tion was also shown to occur with smooth muscle cells and require cytoskeletal
contractility [14].
As cell migration is a dynamic process involving the continuous remodeling
of the cytoskeleton, it follows that substrate stiffness also influences cell mor-
phology and spreading. Several groups have shown that cells generally spread
to larger areas on stiffer substrates [12, 14, 15, 16] and that the final spread area
also depends on surface ligand availability [16, 17]. There is also data to suggest
that stiffer substrates promote cell proliferation, while flexible substrates may
induce apoptosis in some cell types [18, 19]. This sensitivity of cell proliferation
to substrate stiffness has been linked to H-ras activity (a small GTPase)[18]. Stiff-
ness can also influence stem cell differentiation. In 2006, Engler et al. showed
mesenchymal stem cell (MSC) lineage selection can be controlled by matrix stiff-
ness and that substrates with mechanical properties mimicking a specific tissue
induced MSCs to differentiate into cell types from that tissue [20]. For example,
soft substrates mimicking brain matrix were deemed neurogenic, while stiffer
substrates mimicking bone were deemed osteogenic.
Recently, Califano and colleagues have shown that substrate stiffness can
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influence preference for cell-matrix or cell-cell adhesions in endothelial cells,
which can play a large part in tissue self-assembly [16, 21]. Softer substrates
were shown to induce preference for cell-cell contacts, initiating the formation
of network like structures while stiffer substrates induced preference for cell-
matrix contacts, generating monolayers. Along with a preference for cell-matrix
contacts was an increase in spread cell area and perimeter. When cell-cell con-
tacts were favored, cells usually exhibited some degree of self-assembly into
network-like structures mimicking angiogenesis. These cells in self-assembled
networks also had a greater aspect ratio compared to cells on stiffer substrates
[16]. These studies highlight the influence of substrate stiffness on tissue self-
assembly.
1.2.2 Substrate topography
In vivo, cells encounter topographical cues presented by the ECM. This topogra-
phy is derived primarily from the structure and organization of ECM proteins,
which can vary across tissue types. Cells can also encounter exogenous topog-
raphy, in the form of biomaterial implants. Depending on the purpose of such
implants, knowledge of how cells will react to its surface topography can help
guide implant design. In the context of tissue engineering, tight control over
biomaterial surface topography is often crucial for the success of an implant.
The driving force behind how cells respond to topography is the phenomenon
known as contact guidance, where cells will spread or migrate along geomet-
rical cues provided to them. Topography on both the sub-cellular and supra-
cellular scale have been shown to influence cell behavior [22].
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Just like substrate stiffness, cellular response to surface topography can vary
between cell types [22, 23] and is likely dependent on a cell’s native environment
[11]. Surface topography has a significant influence on cell morphology through
its influence on contact guidance. Ridge-groove topographies have been shown
to induce cell alignment along the major axis of the pattern as compared to cells
on flat substrates [22, 24]. Along with this influence on morphology is an influ-
ence on cell migration. Again, cells cultured on ridge-groove patterns will tend
to migrate along the pattern [22, 11]. In addition to influencing physical cell pa-
rameters, certain topographies have the ability to influence stem cell differentia-
tion [24]. For example, specific disordered nanotopographies have been shown
to significantly increase osteospecific differentiation in mesenchymal stem cells
[25]. Other topographies on the nanoscale can also modulate the adhesion dy-
namics mesenchymal stem cells and their gene expression [26, 27, 28].
Common substrates for studying cell response to surface topography are sili-
con, polydimethylsiloxane (PDMS), and polymethylmethacrylate (PMMA) [29].
Both substrates have surfaces that can be easily modified using photolithogra-
phy and other fabrication techniques. Using these substrates, topographies with
dimensions down to tens of nanometers have been achieved [30, 11, 29].
1.2.3 Expanding the overlap between stiffness and topography
To-date, both substrate stiffness and substrate topography have been studied
extensively, however they are not often decoupled from each other. Substrates
with controlled topographies tend to have a very high Young’s modulus com-
pared to what is found in vivo [29, 10]. Conversely, substrates of tunable stiffness
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are most often fabricated against flat glass, implying a flat surface. The term to-
pography refers to physical geometric features on the surface of a substrate.
This topography can be on the order of nanometers (sub-cellular) up to mil-
limeters (supra-cellular). Here, a method is described for producing substrates
where both Young’s modulus and surface topography can be independently
tuned to examine their combined effects on cellular behavior. Topography on
the order of tens of microns is examined in this study. Also described are addi-
tional uses of microfabrication techniques in studying cell mechanics as well as
relevant design considerations.
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CHAPTER 2
PATTERN DESIGN RATIONALE
The first step in any microfabrication process is determining the physical di-
mensions and characteristics of the desired substrate. For the purpose of these
studies, variations on simple geometric shapes were employed. This enabled
simple characterization of the end product while providing similarly simple
cues for cells to interpret. Micromolding was the primary technique employed
here to produce topographical features on a polymer substrate. This process
involves casting a polymer in direct contact with a mold to transfer features to
the polymer surface. The patterns described here were applied to either micro-
molding polyacrylamide (PA) for use as cell culture substrates or micromolding
polydimethylsiloxane (PDMS) for other molding or stamping applications. All
of the features generated here are in silicon (Si). They are recessed (negative)
and will produce protruding (positive) features in PA or PDMS.
Figure 2.1 shows the generic XY pattern template used to fabricate the Si
molds. X and Y represent feature width and length respectively, while RX and
RY indicate the separation radius between features in those directions. All pat-
terns consisted of a simple rectangle or square in the XY-plane that was etched
down to specific depths (Z). Feature dimensions ranged from as small as 10 µm
to as large as 7 mm (Table 2.1). This XY range was chosen to explore and define
the regime of feature sizes that could be effectively transferred to the chosen
polymer. Each pattern was etched to several different Z depths to explore pat-
tern fidelity over a range of pattern sizes. Subsets of these patterns were then
used to micromold PA or PDMS (for subsequent collagen micromolding), or to
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Figure 2.1: X and Y dimensions of patterns introduced to silicon masters.
RX and RY represent the radius of separation between features
in the respective X and Y directions. Dark regions represent
etched area.
Figure 2.2: Scanning electron micrographs (SEMs) of selected Si masters.
Scale bar = 100 µm.
micropattern ligands on PA, as indicated in Table 2.1.
Fabrication involved photolithography to define the XY pattern dimensions
(Figure 2.1) followed by deep reactive ion etching (DRIE) to impart depth in
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Table 2.1: Si master dimensions. Rightmost column abbreviations indicate micromolding
PA, micropatterning PA, and micromolding collagen respectively. Suffix ”inv.”
indicates features are positive rather than negative in the Si master.
Pattern X (µm) Y (µm) Z (µm) RX (µm) RY (µm) µ-mPA µ-pPA µ-mCol
10x200 10 200 17 100 100 X - -
25x200 25 200 35 100 100 X - -
25x200 25 200 80 100 100 X - X
50x200 50 200 70 100 100 X - X
50x200 inv. 50 200 16 100 100 X - -
50x200 inv. 50 200 50 100 100 X - -
10x300 10 300 20 250 250 - X -
15x300 15 300 21 250 250 - X X
15x300 15 300 30 250 250 - X X
10x1100 10 1100 20 250 250 - X X
10x1100 10 1100 30 250 205 - X X
22x22 22 22 20 250 250 X X -
22x22 22 22 30 250 250 X X -
200x7000 200 7000 20 100 - X - -
200x7000 200 7000 50 100 - X - -
200x7000 200 7000 140 100 - X - -
the Z direction and finally SEM to confirm feature dimensions (Figure 2.2). The
specific protocol used to fabricate and characterize these molds can be found in
section A.1.1.
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CHAPTER 3
MICROMOLDING OF POLYACRYLAMIDE SUBSTRATES OF TUNABLE
YOUNG’S MODULUS
3.1 PA as a cell culture substrate of tunable Young’s modulus
Historically, polyacrylamide (PA) has been used in electrophoresis to separate
molecules of different sizes [31]. More recently, it has become a common sub-
strate for examining cellular response to matrix stiffness [32]. PA is a polymer
made up of two primary components: acrylamide (the monomer) and N,N’-
methylenebisacrylamide (the crosslinker, commonly called bis-acrylamide). Gel
composition is conventionally described by the parameters T and C, where
the concentration (w/v) of total acrylamide (acrylamide and bis-acrylamide) is
known as T and the percentage of this total that is bis-acrylamide (crosslinker)
is known as C. Modulation of these two parameters controls gel properties, in-
cluding the Young’s modulus which can be modulated from tens of pascals up
to several hundred kilopascals.
A free-radical polymerization mechanism is employed to generate PA gels
from the monomer solution. Two additional components included in the
monomer solution are critical to successful and repeatable polymerization.
Tetramethylethylenediamine (TEMED): TEMED is included in the monomer so-
lution at a concentration of 0.046% (v/v) and helps to catalyze free-radical poly-
merization.
Ammonium persulfate (APS): APS is the last component added to the monomer
solution and initiates the free-radical polymerization mechanism, catalyzed by
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TEMED. The concentration of APS in the monomer solution at initiation is
0.005% (w/v).
Included in addition to the acrylamide, bis-acrylamide, TEMED and APS are
several other components that enable characterization of the gel and its use as a
cell culture substrate.
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES): A HEPES buffer
solution of 0.25 mM is included in the monomer solution to help maintain phys-
iologic pH.
Fluorescent beads: To visualize the bulk gel, red fluorescent beads (0.5 µm in
diameter, carboxylate-modified) are included at 0.01% (w/v). The original bead
solution is sonicated for 10 minutes prior to being diluted in water and added
to the uninitiated monomer solution.
N-6-((acryloyl)amido)hexanoic acid (N-6): N-6 is included in the gel formula-
tion as a linker molecule that can bind free amine groups [33] such as those
present at the N-terminus of a peptide. During gel preparation, N-6 is first dis-
solved in ethanol before being added to the monomer solution. Any peptide or
small molecule having a free amine group can be attached to the gel surface via
this linker.
Collagen: Here, rat-tail type-I collagen is linked to the gel surface via the N-6
linker, allowing integrin binding. This makes the gel surface adhesive, as bare
PA is non-adhesive to cells [34]. All gels fabricated are incubated with collagen
at a concentration of 0.1 mg/mL in 50 mM HEPES.
A summary of the PA gel formulations used and their Young’s modulus (as
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Table 3.1: Polyacrylamide gel formulations.
E (kPa) T (%) C (%) [Acryl] (%) [Bis] (%)
1.13 3.40 4.46 3.243 0.151
2.87 5.51 1.96 5.405 0.108
3.55 4.67 4.46 4.459 0.208
2.42 8.16 0.66 8.108 0.054
2.60 8.20 1.15 8.108 0.095
6.14 8.30 2.28 8.108 0.189
11.2 8.49 4.46 8.108 0.378
Untested 8.63 6.02 8.108 0.519
Untested 8.72 7.01 8.108 0.611
11.6 9.63 1.16 9.514 0.111
32.1 13.1 1.15 12.973 0.151
42.5 13.1 2.28 12.973 0.303
>42.5 13.6 4.46 12.973 0.605
Untested 13.8 6.02 12.973 0.830
Untested 13.9 6.98 12.973 0.973
characterized by microball indentation) can be found in Table 3.1.
3.2 Micromolding & Characterization of PA gels
3.2.1 Mechanical testing to measure Young’s modulus
A number techniques exist to measure the mechanical properties of PA gels,
including tensile testing of gel strips [12], microball indentation [13, 34], mi-
cropipette aspiration [35], and rheometry [36]. A microball indentation method
was utilized here. In short, a steel microball was placed on the surface of a
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flat PA gel containing fluorescent microbeads and the surface deformation was
measured using the stage micrometer on a fluorescent microscope. The Young’s
modulus of the gel was then calculated from the measured deformation using
an equation described by Lo and colleagues [13].
E =
3(1 − v2) f
4d3/2r1/2
Where E is the Young’s modulus, v is the Poisson’s ratio, f is the force exerted
by the microball on the gel, d is the deformation in the gel, and r is the radius
of the microball. Deformation measurements were carried out on PA gels sub-
merged in PBS and equilibrated to 37◦C. A detailed protocol can be found in
section A.1.6. Using this method, gel E values were found to range from ap-
proximately 1 kPa to >42 kPa (Table 3.1), a range considerably lower than that
reported for polymers such as PDMS [29].
To examine how gel formulation parameters T & C influence E, a linear re-
gression model of our empirical data was constructed (Figure 3.1). A linear
model was used here as it is the most straightforward to implement. Relations
between polymer composition and mechanical properties such as the Mark-
Houwink equation describe mechanical properties as an exponential function
of molecular weight. The value of this exponent in such relations however is
usually close to 1, making linear models a reasonable alternative. The behavior
of E as a function of T and C as revealed by this model agree with other mea-
surements of gel elastic moduli [12, 15, 36]. In general, an increase in either T or
C will result in an increase in E. However, from an inspection of the fit, ∂E
∂T ap-
pears to be greater than ∂E
∂C . Important to note here is that T represents the total
acrylamide concentration while C only represents the fraction of crosslinker in
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Figure 3.1: Linear fit of E to T vs. C (R2 = 0.7837). Asterisks (*) indicate
empirical data points.
that total and is dependent on T itself. A change of 1% inC represents a different
physical change depending on T . Therefore it is not surprising that a percent-
age change in T may carry more weight in changing E than a similar change in
C does. These observations agree with previous measurements in the literature
[12, 15, 36]. A comparison of how SRZ and E both vary with T and C confirms
that feature SRZ is not predicted by E. Rather, T and C are better indicators of
SRZ than E is.
An important distinction to make here is the difference between Young’s
modulus (E, a material property of the gel) and the stiffness of features (a struc-
tural property of the features). Based on beam theory, protruding features can
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have a different effective stiffness that depends on feature dimensions in addi-
tion to the bulk gel Young’s modulus [37]. Depending on feature length scale,
this phenomenon can affect the substrate stiffness that is perceived by cells.
Variability in measured Young’s modulus can be attributed to many sources,
similar to those that affect gel structure and swelling. These factors include
temperature [36] and TEMED concentration [38]. Additionally, degassing of the
monomer solution can affect polymerization rate, much like TEMED does and
therefore may affect gel structure and mechanical properties. These factors were
kept constant across all gel preparations to control their potential contributions
to Young’s modulus variability.
3.2.2 Fabrication process flow
Standard PA gel fabrication for cell culture involves gel polymerization between
two flat glass coverslips, where one is chemically activated (for gel attachment)
and the other is hydrophobic (for gel release). This results in a gel with a flat
surface for cell culture. The technique of micromolding was employed here to
introduce features onto the gel surface intended for culture (Figure 3.2).
PA gels were fabricated using a protocol modified from Califano et al. [16].
First, the Si master mold surface was made hydrophobic by coating it with Rain-
X. A droplet of initiated monomer solution (80 µL) was then dispensed onto the
surface of the Si master and flattened with a 22x22 µm2 activated glass cover-
slip. Polymerization was allowed to occur for 30 minutes and then the acti-
vated coverslip was removed with the gel attached. The resulting gel surface
was then derivatized with 0.1 mg/mL rat-tail type-I collagen via the N-6 linker.
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Figure 3.2: Gel fabrication process flow from Si master mold to micro-
molded features in PA. Adapted from [1].
Gel substrates were then stored in PBS for up to one week until characterization
or culture. A detailed version of this gel fabrication protocol can be found in
section A.1.3.
3.2.3 Feature height measurement
To assess the fidelity of the features molded on the PA gel surface, the swelling
ratio (SR) parameter was defined as the ratio of a feature dimension (H) to the
corresponding mold dimension (H0).
SR =
H
H0
When SR = 1, the molded feature dimension measured is equal to the master
mold dimension. A SR > 1 indicates an increase in feature size relative to the
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Figure 3.3: Feature swelling as a function of C. 200x7000x20 µm3 feature
heights (top left). 200x7000x50 µm3 feature heights (top right).
Vertical feature cross sections, scale bar = 25 µm (bottom left).
Pooled SRZ for both feature heights, asterisk (*) indicates sta-
tistically significant difference from other formulations with
p < 0.05. Error bars are standard deviation. Adapted from
[1].
mold while a SR < 1 indicates a decrease in feature size relative to the mold. A
swelling ratio can be defined along any feature dimension. Focus is given here
to vertical (Z-direction) swelling phenomena, SRZ, due to its potential impact on
perceived substrate stiffness, specifically in the case of sub-cellular topography,
which is discussed in-depth later.
To effectively measure the dimensions (and hence SR) of features, micro-
molded PA gels were immersed into either PBS or complete 199 media contain-
ing 40 kDa FITC-conjugated dextran to provide contrast between the gel and
solution. Confocal microscopy was used to collect XY and XZ cross-sectional
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images of features. Feature dimensions were then extracted from images using
NIH ImageJ. A minimum of 10 features per gel were imaged and dimensions
were averaged to calculate the SR. A more detailed protocol can be found in
section A.1.5.
Previous studies of PA gels [39, 40, 41] indicate that bulk gel swelling varies
as a function of both T and C. However, for the range of T explored here
(T < 14%), C should be a stronger determinant as evidenced by previous em-
pirical measurements of PA gel swelling by Richards and Temple [39]. The SRZ
values measured from the 200x7000 µm2 pattern were assessed as a function of
C (Figure 3.3). Micromolded features (Figure 3.3) deviate from the master mold
in two primary ways:
1. Patterned features have lost some orthogonality.
2. Patterned feature dimensions exceed mold dimensions (SR > 1).
These data indicate that deviations from the mold dimensions (SR) and
shape are minimized as C is increased. These deviations reach and maintain
a minimum at and above C = 5%. This value of C has been previously reported
to minimize PA gel pore size [40, 41]. The swelling behavior observed in the ver-
tical (Z-direction) was also observed in the horizontal directions of protruding
features cast in swelling-reduced gels with C ≥ 4.5% (Figure 3.4). The 10x200
µm2 molded features however exhibited a SRZ > 1, which may be due to insuf-
ficient wetting of the mold by the monomer solution (Figure 3.4).
Our ultimate goal is to develop methods that create high fidelity patterns
that can be reproducibly fabricated. As such, we also investigated variability
between gel batches. The standard deviation of feature heights within a gel and
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Figure 3.4: Vertical and horizontal SR of small features in gels of reduced
swelling (C ≥ 4.5%). Error bars are standard deviation.
between multiple gels was compared for a number of formulations (Table 3.2).
A population of feature heights measured on the same gel has less variability
compared to a population of feature heights measured on different gels. This is
likely attributed to human error while manually removing gels from their mold,
while preparing the monomer solution, or due to measurement errors such as
pipette volume resolution.
3.2.4 Factors influencing pattern fidelity to mold dimensions
Based on the experimental data described above (Figure 3.3), it is clear that the
crosslinker content (C) is a primary influence on gel swelling and hence pattern
fidelity within the domain of gel formulations explored (3% < T < 14% and
0.5% < C < 7%). The measured relationship between gel formulation (T & C)
and vertical feature swelling (SRZ) is modeled in Figure 3.5 for the 200x7000
µm2 pattern. This relationship presented (Figure 3.5) is based on a linear re-
gression fit of our pooled SRZ data for 20 µm and 50 µm deep molds. A linear
model was chosen based on previous analyses of gel swelling [39]. These results
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Table 3.2: Batch variability in protruding feature heights (200x7000x20 µm3). Adapted
from [1].
T/C E (kPa) Within a batch Across pooled batches
8.20/1.15 2.6 ±1.652
±2.4548.20/1.15 2.6 ±0.893
8.20/1.15 2.6 ±0.693
8.30/2.28 6.1 ±0.306
±4.5928.30/2.28 6.1 ±1.541
8.30/2.28 6.1 ±1.013
8.49/4.46 11 ±1.055
±3.4488.49/4.46 11 ±0.525
8.49/4.46 11 ±0.504
13.11/1.15 32 ±1.813
±4.75613.11/1.15 32 ±1.017
13.11/1.15 32 ±0.934
13.28/2.28 42 ±5.898
±4.02913.28/2.28 42 ±0.500
13.28/2.28 42 ±0.969
13.58/4.48 > 42 ±0.262
±2.93813.58/4.48 > 42 ±0.278
13.58/4.48 > 42 ±0.282
correspond with previous measurements and modeling of PA gel swelling as a
function of the parameterC [39, 42]. Models from the literature—based on equi-
librium swelling theory, originally proposed by Flory and Rehner [43]—indicate
that T can also modulate gel swelling, although to a lesser extent than C over
the range explored here (3% < T < 14%).
Based on the regression analysis depicted in Figure 3.5, C needs be kept at or
above 5% to produce micromolded gels with minimal feature deviation. Con-
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Figure 3.5: Linear fit of SRZ to T vs. C (R2 = 0.3385). Asterisks (*) indicate
empirical data points.
sequently, there is a limit to the range of Young’s moduli that may be used to
create microfabricated substrates with high pattern fidelity. When a lower mod-
ulus is desired and C is at 5%, the T parameter must be decreased in order to
maintain favorable pattern fidelity. However, if a greater modulus is desired,
either T or C may be increased without loss of pattern fidelity.
Aside from gel formulation, several other factors have been shown to influ-
ence the gel structure and swelling properties of PA gels, including ionic solutes
[44], temperature [44], pH [44], and TEMED concentration [38]. Although the
specific influences of these factors were not studied here, their potential to pro-
duce variability was controlled by keeping them constant across all experimen-
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tal conditions. Batch variability in feature height (Table 3.2) may be partially
attributed to inconsistencies in these factors. Additionally, gel swelling may in-
fluence the effective modulus of the gel by changing the mass concentration per
unit volume however this was not investigated here.
Comprehensive evaluation of gel swelling as a function of T and C can in-
form the design of mold patterns that anticipate a certain degree of swelling.
This enables the design of molds where gel swelling is harnessed to produce
the desired features. The primary drawback to this however, is that molded fea-
tures do not swell isotropically and lose their orthogonality with respect to the
mold. Correcting this would require an examination of swelling as a function
of feature geometry.
3.3 Cellular response to micromolded PA features
Contact guidance is a widely observed phenomenon in which cells preferen-
tially spread or move along a geometric cue [45, 46]. Contact guidance due to
substrate topography has been extensively characterized [22, 23, 11, 24, 47, 29],
however these studies have been primarily on stiff substrates such as PDMS
or glass. It is unknown whether the stiffness of the substrate providing con-
tact guidance cues affects the elicited cellular response. The method described
above enables these two parameters to be decoupled from one another.
Having characterized the effects of gel formulation on pattern fidelity, a set
of formulations were chosen that covered a wide range of E values while main-
taining good pattern fidelity (C ≥ 4.46%, minimizing SRZ). Using these for-
mulations, gels with an alternating plateau-trough pattern (the 200x7000 µm2
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pattern) were fabricated, seeded with bovine aortic endothelial cells (BAECs)
and the resulting cellular response was characterized. These features presented
either a vertical wall or cliff of variable height spaced every 200 µm to the cells.
Feature height was molded at either 20 µm (roughly the height of a cell) or 50 µm
(taller than a cell). Cell behavior was observed using time-lapse, phase contrast
microscopy. Using this system it is possible to examine the combined effects of
substrate Young’s modulus and substrate topography on cell behavior.
3.3.1 Contact guidance
To examine the qualitative effects of features on cell migration, BAECs were ob-
served on micromolded (200x7000 µm2) PA gels of varying stiffness (1.1 kPa to
> 42 kPa). Cells that physically encountered features exhibited some degree of
contact guidance (Figure 3.6) on all patterns and gel formulations tested. The
substrates fabricated here present both concave (wall) and convex (cliff) geo-
metric contact guidance cues. The majority of contact guidance observed on
the micromolded substrates was in the context of migration, where cells would
migrate along the geometric cues rather than remain stationary while in con-
tact. Considering these qualitative observations, cell behavior on micromolded
substrates was characterized in terms of two parameters: contact events and
contact lengths.
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Figure 3.6: Contact guidance can direct BAEC migration. White arrows
identify a cell exhibiting contact guidance. Asterisk (*) indi-
cates higher elevation.
3.3.2 Contact events
To determine the simultaneous effects of substrate Young’s modulus and
feature-induced contact guidance on cell migratory behavior, the outcome of
feature contacts was quantified as a proportion of the total cell population ob-
served per field of view. Cells were seeded on micromolded PA gels and ob-
served with phase contrast microscopy for a period of 12 hours starting 4 hours
post-seeding. Each completely observable incidence of a cell contacting a fea-
ture was termed a contact event. These contact events were then categorized
into one of three groups based on the time spent in contact with the feature and
the change in cell location relative to the feature:
• ∆ State = cell contacts feature, climbs up/down, departs in <2 hours
• Remain = cell contacts feature, remains in contact for >2 hours
• Depart = cell contacts feature, departs on same side in <2 hours
Of the events that were observed, cells remain in contact with the wall for 2
hours on average. This time was used as a threshold for categorizing contact
events (Figure 3.7).
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Figure 3.7: Contact event examples. ∆ State (top row). Remain (middle
row). Depart (bottom row). White arrows indicate cells exhibit-
ing the described contact event. Scale bar = 30 µm. Asterisk (*)
indicates higher elevation.
Contact events were quantified as a function of substrate Young’s modulus
and feature height (Figure 3.8). The results reveal no significant difference in
contact event distribution with substrate Young’s modulus or feature height.
A recent study suggests that left superclavicular lymph node cells (LNCaP)
and highly metastatic prostate cancer cells (PC-3) have the ability to climb tall,
square (100x100µm2) features [48], however this behavior is not observed here.
The absence of vertical contact guidance cues may explain why cells do not
climb or down features but rather prefer in some capacity to remain in contact
with features. Our data indicate that a change in substrate Young’s modulus
does not change the apparent influence of convex and concave (wall and cliff)
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Figure 3.8: Contact event distributions vs. E. Error bars are standard de-
viation. Adapted from [1].
linear geometric cues on directing the outcome of contact events as defined here.
3.3.3 Contact lengths
To quantify degree of contact guidance, the average cell spread length parallel to
a feature wall or cliff was measured manually with NIH ImageJ at 8 hours post-
seeding to allow cells to fully spread (Figure 3.9). This metric can be interpreted
as the affinity of a cell towards a contact guidance cue.
Cells exhibited significantly longer contact lengths with increasing substrate
Young’s modulus (Figure 3.9, right). This result suggests cells prefer more con-
tact with features of greater moduli and correlates well with previous studies
showing that cells reach a larger spread area on substrates with higher Young’s
modulus [16]. It also suggests that cellular sensitivity to contact guidance cues
may be reduced when the cues are more mechanically compliant. Conversely,
cellular sensitivity to contact guidance cues may be increased when cells favor
cell-matrix interactions, as is the case on stiffer substrates [16].
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Figure 3.9: Contact length definition (left), dotted line is approximately 33
µm. Contact lengths as a function of E (right), adopted from [1].
Asterisk (*) indicates statistically significant difference between
E values (p < 0.05). Error bars are standard error of the mean.
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CHAPTER 4
MICROPATTERNING OF ADHESIVE LIGANDS ON FLAT PA GELS: THE
ROLE OF SWELLING
Investigating the effects of PA gel swelling on micromolded features in PA
gels revealed the influence of gel formulation on patterned feature fidelity. This
naturally raised the question of whether gel swelling affects the efficiency of
other microfabrication techniques used with PA gels, namely the micropattern-
ing of adhesive ligands to a flat gel surface. This method is commonly used for
constraining the shape of single or multiple cells on a gel surface by controlling
surface adhesivity. Once patterned, the effects of cell shape on other factors such
as cytoskeletal structure, cell contractility, cellular protrusions [49, 50, 51], can
then be examined as a function of stiffness. Here, the influence of gel formula-
tion on the spacing fidelity of micropatterned ligands is examined.
To pattern the surface of gels, a method adopted from Rape et al. [51] was
used. In short, this method involves microcontact-printing islands of collagen
onto the non-activated top glass coverslip prior to use of the coverslip in the gel
polymerization setup. The printed islands of collagen are then transferred to
the gel surface during polymerization, yielding adhesive and non-adhesive re-
gions. Adhesive islands (25x200 µm2) of rat-tail type-I collagen were patterned
onto the surface of flat PA gels of the same stiffness but with different theorized
degrees of gel swelling. Both gel formulations had a measured Young’s mod-
ulus of approximately 11 kPa, but different composition (T/C = 8.49/4.46 or
T/C = 9.63/1.16). These T/C pairings were chosen based on the above analy-
sis to exhibit appreciably different degrees of swelling. For each formulation,
the spacing of micropatterned ligand was quantified as a function of initial
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Figure 4.1: Ligand spacing by formulation and volume. Representative
images of surface patterned ligands, the dotted line indicates
the distance quantified, scale bar = 100 µm (right). Quantifi-
cation of this distance is displayed as a function of gel initial
volume (left). Error bars are standard deviation. Adapted from
[1].
monomer volume. Increasing the initial monomer volume increases the dis-
tance from which the patterned surface is from the constrained bottom of the
gel, potentially exaggerating any swelling effects that may be present. Adhe-
sive islands of collagen were visualized through fluorescent immunostaining
and pattern spacing was assessed using NIH ImageJ.
The average pattern spacing on all gel surfaces examined is not statisti-
cally different from the spacing on a non-swelling (glass) control surface (Fig-
ure 4.1), thus indicating that gel formulation is not affecting the spacing fidelity
of surface-patterned ligands.
To confirm that the gels are indeed swelling to different degrees, bulk
gel heights were measured using the same formulations and initial volumes
(Figure 4.2). For all initial volumes except 40 µL, the swelling formulation
(T/C = 9.63/1.16) is significantly taller than the non-swelling formulation
(T/C = 8.49/4.46) and the expected gel height.
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Figure 4.2: Bulk gel height vs. initial volume. Asterisk (*) indicates sta-
tistically significant difference from other experimental groups
(p < 0.05). Error bars are standard deviation. Adapted from
[1].
Here it is shown that gel formulation does not appreciably influence the
spacing of surface-patterned ligands. This is in stark contrast to the significant
role that gel formulation plays in determining the fidelity of micromolded sur-
face features. One possible explanation is that because the gel is flat, there is
no horizontal void for it to fill via swelling, thus no deviation in pattern spac-
ing is observed. Feature swelling is observed with protruding features because
there is a horizontal void to fill through swelling. A second explanation is that
the swelling detection method—essentially a measure of plane strain—does not
have sufficient resolution to detect the small amount of swelling that may be
occurring. In either case, it is clear that gel formulation is not a significant fac-
tor in determining the fidelity of surface-patterned ligands on the length scale
investigated here.
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CHAPTER 5
CONCLUSION & OUTLOOK
5.1 Future directions: Micromolding PA
The importance of micro- and nano-fabrication techniques in studying cell and
tissue behavior continues to grow as researchers realize the immense influence
the microenvironment has on proper biological function [22, 23, 8, 29, 24, 10, 21,
3]. Assessed here is the application of two common microfabrication techniques
to PA hydrogels. This research provides a method for investigating two fac-
tors influential in determining cell behavior that are not often decoupled from
one another. Ideally, this method will serve as a platform for insightful future
studies. Listed here are only a few current and potential future applications of
micromolding PA gel substrates to study cell behavior.
5.1.1 Sub-cellular vs. Supra-cellular topography
The cellular studies described above dealt with topographical features with
sizes equal to and greater than that of a cell. Current literature on topograph-
ical control of cells indicates that features on the sub-cellular scale also signifi-
cantly influence cell behavior [22, 23, 11, 24, 47, 29]. As such, future studies with
micromolded PA should incorporate topography on such length scales. This
would allow for a direct examination of how the stiffness of features influences
the elicited cellular response. When working with protruding features on this
length scale, a distinction must be made between the modulus of the material
and the perceived stiffness of the surface. Cells located on the top of an array of
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sub-cellular scale features will perceive a substrate stiffness that is essentially a
function of feature dimensions [37, 52, 53].
5.2 Multicellular and tissue-scale studies
Additionally, single-cell behavior was given focus in this study. Substrate
Young’s modulus has been shown to strongly influence the self-assembly of
endothelial cell network structures [16] and tissue behaviors in other cell
types [54]. Given that topography can bias single-cell shape and migration
[22, 23, 11, 47], it is likely that the introduction of subcellular topography to
compliant substrates can bias the morphology of endothelial cell networks and
other tissue structures.
5.3 Future directions: Micromolding collagen
5.3.1 Rationale and Method
While PA substrates are incredibly useful for studying cell mechanics in two
dimensions, PA is synthetic with a structure cells do not actively remodel. For
probing the influence of mechanics on cell behavior in three dimensions, colla-
gen hydrogels afford a more attractive set of advantages. Collagen is a ubiq-
uitous structural ECM protein, can be bound by integrins, and can be remod-
eled or modified by most cell types. The mechanical properties of collagen can
be tuned in two ways. Increasing the concentration of collagen will increase
the stiffness of the gel, however this also increases the availability of integrin
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binding sites. Alternatively, collagen glycation [55, 56] increases gel stiffness
through crosslinking and avoids increasing integrin ligand density, decoupling
the two parameters. These qualities make hydrogels of collagen ideal for study-
ing angiogenesis and cell invasion, processes where cellular manipulation of the
surrounding matrix and its mechanics is a key event [6, 5].
Further control over the microenvironment collagen hydrogel substrates
provide can be achieved by micromolding. Traditionally, cells are simply em-
bedded in collagen by mixing a cell suspension into the neutralized collagen so-
lution prior to polymerization. A soft-lithography method recently developed
by Nelson et al. [2, 57] enables the production of defined three-dimensional mi-
croenvironments into which cells can be seeded. Briefly, neutralized collagen
is polymerized while in contact with a PDMS stamp containing positive fea-
tures. Once the collagen has polymerized, the stamp is removed leaving the
negative of its pattern imprinted on the collagen surface. This pattern is identi-
cal to what is on the Si master used to create the stamp. The surface-patterned
collagen is then seeded with a cell suspension and finally covered with a flat
slab of collagen, creating a three-dimensional environment in which to observe
cellular activity (Figure 5.1). This method can be applied to study endothelial
self-assembly and cancer cell metastasis in three dimensions as a function of
matrix stiffness.
5.3.2 Endothelial cell self-assembly in three dimensions
Recently, many similarities between the signaling pathways controlling angio-
genesis and epithelial tissue assembly have been revealed [5]. This begs the
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Figure 5.1: Collagen micromolding process flow, from a Si mold (A) to a
seeded collagen channel (B). Adapted from [2].
question of whether mechanical cues also bear similar influences on the assem-
bly of both tissue types. The self-assembly and morphogenesis of epithelial
tissue structures in collagen has been studied extensively by Nelson and col-
leagues [57, 2, 58, 59, 60, 61]. Their results suggest that stiffer matrices can in-
duce branching of patterned tubules and that areas of high endogenous matrix
stress also induce branching [60]. Taking an analogous approach by seeding
endothelial cells into similarly sized tubules while modulating matrix stiffness
would reveal if behaviors observed in epithelial cells translates to endothelial
35
Figure 5.2: Quantification of cell location in micromolded collagen chan-
nels [2]. Example images are taken from endothelial cells cul-
tured for 48 hours in 50x200 µm micromolded channels in 6.0
mg/mL collagen. Gray-scale images of nuclei (left) are con-
verted to binary (middle) before being stacked for calculating
the frequency of cell location (right), warmer colors indicate
higher frequency. Scale bar = 50 µm.
cells. Several Si master molds have been fabricated at a variety of different di-
mensions (Table 2.1) that are suitable for fabricate PDMS stamps to micromold
collagen wells of an appropriate size.
Potential experiments would involve seeding endothelial cells within rectan-
gular wells in collagen and modulating matrix stiffness through gel glycation.
Calculating cell location frequency [57, 2] over multiple patterned wells would
reveal the degree of branching from the tubules (Figure 5.2) as a function of ma-
trix stiffness and culture time. The effects of soluble factors on branching behav-
iors in the presence of mechanical cues could also be explored through addition
of exogenous growth factors. Preliminary work has validated the feasibility of
this method for observing endothelial cell behavior (Figure 5.2).
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5.4 Limitations & drawbacks of micromolding PA
As with any tool for studying biology, micromolding of PA has limitations that
need to be considered when designing experiments. Many of the limitations
described here for micromolded PA gels are also pertinent to the micromolding
of collagen and other polymers.
5.4.1 Lower limit of pattern fidelity at low T values
Apparent from the swelling behavior of PA, gels with low T values (and hence
low E values, < 1 kPa) will inevitably exhibit a substantial degree of swelling.
This may hinder efficient pattern transfer, as features in soft gels are more sus-
ceptible to plastic shear deformations that can occur while removing the poly-
merized gel from its mold. From this, it is likely that a lower threshold of gel
stiffness exists at which features will not properly transfer to the gel surface.
This threshold most likely lies below 1 kPa, as attempts to micromold softer gels
did not consistently produce acceptable features. Additionally, features with a
large aspect ratio may deform under their own weight if the gel is too soft.
5.4.2 Lower limit to topography dimensions
Analogously, there are also limits on the minimum topographical dimensions
that can be transferred to a PA gel surface. PA has a pore size calculated on the
order of tens of nanometers to a couple hundred nm [40, 41, 42], which itself
places a limit on the smallest topographical dimension that can be effectively
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patterned onto the gel surface. The conformations of any surface-linked pro-
teins will also contribute in raising the minimum size dimension that can be
effectively patterned. Therefore, studying very shallow topography known to
affect cell behavior [22, 23] may not be possible with this system.
5.4.3 Polymer structure at the gel-mold interface
One gel property not investigated here is the mesh structure of micromolded
PA. Transmission electron studies of PA gels have shown that the gel surface
structure may differ significantly from the bulk structure [40]. It is possible
that the introduction of topography influences the polymerization kinetics near
the gel surface and hence the resulting gel properties. However, the presented
feature swelling data closely mimics observed bulk gel swelling behavior in the
literature [39, 42], suggesting that micromolding likely has minimal effects on
bulk gel properties. It is possible however, that smaller features may be more
affected by changes in gel structure at the gel-mold interface.
5.4.4 Gel release requires a hydrophobic mold surface
Gel release from the mold is likely the greatest source of feature size variability
because it can subject the molded features to shear deformation. In the ideal
case, gels are released from the Si master mold by evenly lifting the activated
glass in the vertical direction. Such release without imparting shear stress to
the molded features is quite difficult to achieve manually. Increasing mold hy-
drophobicity can minimize deformation of features during release. In the pro-
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tocol described here, Rain-X is used to prevent adhesion of the polymerized gel
to the mold surface. However, the introduction of too much hydrophobicity
may prevent the monomer solution from completely wetting the mold surface
thereby hindering pattern transfer, especially for smaller features. Insufficient
mold wetting by the monomer solution may explain why features created with
the smallest mold dimensions (10x200 µm2) exhibit a SRZ < 1 (Figure 3.4).
5.4.5 Local stiffness of features vs. bulk gel stiffness
A distinction should be made between the Young’s modulus of the bulk gel and
the effective stiffness of the patterned features. Presented here are substrates
whose bulk Young’s modulus can be tuned. The effective stiffness of the molded
topography will depend on both feature geometry and the bulk Young’s modu-
lus. This distinction is particularly important when creating topography that is
smaller than the scale of a cell. Further discussion on effective feature stiffness
as well as an example system utilizing feature geometry to modulate effective
stiffness has been explored by the Chen group [37].
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APPENDIX A
APPENDIX
A.1 Materials & Methods
A.1.1 Silicon master fabrication
Computer aided design of mask layouts was carried out using L-Edit software
(Tanner EDA). Once completed, mask layouts were transferred to a PG 3600F
Mask Writer and written onto 7-inch chrome mask blanks. Completed masks
were stored under cleanroom conditions until use in photolithography. 100 mm
diameter N-type silicon wafers were first primed with P-20 primer prior to be-
ing spin coated with a 2-3 µm layer of Megaposit™SPR™-220-3.0 photoresist
(Rohm and Haas Company, Philadelphia, PA). Spin coated wafers were pre-
baked for 90 seconds at 115◦C before being exposed on a GCA 6300 DSW pro-
jection mask aligner, 5X g-line stepper, using the completed masks. Exposed
wafers were then post-baked for 90 seconds at 115◦C before being developed
using an MIF developer. Exposed and developed wafers were etched using
a Bosch etch process on either a Unaxis 770 Deep Si Etcher or an Oerlikon Ver-
saline Deep Si Etcher. Remaining resist was stripped prior to confirming feature
dimensions with scanning electron microscopy. Etched features were visualized
using a Zeiss Ultra 55 scanning electron microscope. Surface feature dimensions
in the xy-plane were confirmed through visual inspection. Feature depths were
calculated by imaging samples at a tilt angle and back calculating feature depth.
All silicon microfabrication was carried out at the Cornell Nanoscale Facility
(CNF).
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Figure A.1: Feature depth calculation. The observed feature height (A) is
divided by the sine of the tilt angle (θ) to obtain the actual fea-
ture depth (D).
Figure A.1 illustrates the sample orientation, variables, and equation used
in calculating feature depth. Multiple measurements were made across a single
wafer and the resulting depths were averaged to obtain an acceptable feature
depth.
A.1.2 PDMS casting
Select Si masters were used to fabricate PDMS stamps for either surface pattern-
ing ligands on PA or micromolding collagen. Wafer surfaces were first cleaned
using acetone and then ethanol before being dried with a pressurized stream of
air. Wafers were spin coated with Sigmacote (Sigma-Aldrich, St. Louis, MO) to
ensure PDMS release before being placed in the bottom of a 140 mm diameter
petri dish. PDMS was prepared in a 10:1 monomer to initiator ratio and de-
gassed under a vacuum pump at least three times before being poured into the
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dish. The PDMS was allowed to cure for 2 hours at 60◦C. Cured PDMS was then
cooled to room temperature before being cut into stamps of desired dimensions.
PDMS casting was carried out at Cornell’s Nanobiotechnology Center (NBTC)
facilities.
A.1.3 Generic PA gel fabrication
To enable gel attachment to coverslips for ease of handling, glass coverslips
were activated using a method described by Califano et al.[16]. One side of 22 x
22 mm2 glass coverslips (No. 2, VWR, West Chester, PA) were first heated over a
Bunsen burner flame before being coated with 0.1 N sodium hydroxide (Sigma-
Aldrich, St. Louis, MO) and allowed to dry in a fume hood. The coverslip
surfaces were incubated with 3-aminopropyl-trimethoxysilane (Sigma-Aldrich,
St. Louis, MO) for 10 minutes and then washed in 18.2 MΩ cm purified deion-
ized water. Finally the coverslip surfaces were incubated with a 0.5% solution
of glutaraldehyde (Sigma-Aldrich, St. Louis, MO) in phosphate buffered saline
(Invitrogen, Carlsbad, CA) and washed again in 18.2 MΩ cm purified deionized
water.
Polyacrylamide monomer solutions were prepared with the component
concentrations listed in Table 3.1 using 40% (w/v) stock acrylamide so-
lution and 2% (w/v) stock N,N’-methylene-bis-acrylamide stock solution
(Bio-Rad, Hercules, CA) in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid
(HEPES, pH 6.0, Sigma-Aldrich, St. Louis, MO) with 0.05% N,N,N,N-
tetramethylethylenediamine (Bio-Rad, Hercules, CA). For linking collagen to
the gel surface, 20 µmol/mL of N-6 ((acryloyl)amido)hexanoic acid (N-6 linker,
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synthesized according to the methods of Pless et al. [33]) was included. Gel solu-
tions intended for mechanical testing or for feature visualization were prepared
with 0.01% 0.5 µm carboxylate modified fluorescent beads (Molecular Probes,
Carlsbad, CA). Prepared solutions were degassed for 30 minutes under a vac-
uum to remove dissolved oxygen.
All gel polymerization was carried out between the activated glass cover-
slip and a second glass surface. The properties of the second glass surface were
chosen depending on the final use of the gel. For a flat gel, the second surface
was an 18 mm diameter glass coverslip (No. 2, VWR, West Chester, PA) coated
with Rain-X to facilitate release of the polymerized gel. For a micromolded
gel, the second surface was a silicon master mold (containing surface feature
dimensions listed in Table 2.1) coated with Rain-X to facilitate release of the
polymerized gel. For a micropatterned gel, the second surface was a micropat-
terned glass coverslip prepared as described by Rape et al. [51]. Briefly, poly-
dimethylsiloxane (PDMS) stamps (fabricated from the custom Si molds listed
in Table 2.1) were inked for 30 min with 0.1 mg/mL type-I rat-tail collagen
(BD, Franklin Lakes, NJ) that had been reacted on ice for 2 hours with 50 mM
HEPES containing 20 µmol/mL N-6 linker dissolved in ethanol. 22 x 22 mm2
glass coverslips were stamped with the inked PDMS surfaces for 5 minutes at
room temperature prior to being used as the top surface for gel polymeriza-
tion. Prepared monomer solutions were initiated by the addition of ammonium
persulfate (Bio-Rad, Hercules, CA) at a concentration of 0.005% (w/v). For all
gels, polymerization was carried out for 30 minutes between two parallel glass
surfaces as described above. Polymerized gels attached to activated glass cov-
erslips were manually removed from their respective molds and incubated for
2 hours at 4◦C with 0.1 mg/mL type-I rat-tail collagen in 50 mM HEPES. Mi-
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cropatterned gels were not subjected to this step in order to preserve the ligand
patterning on their surface. Finally all gels were incubated for 30 minutes with
0.1% ethanolamine (Sigma) in pH 8.0 HEPES before being placed in PBS and
stored at 4◦C until use.
A.1.4 Cell culture
Bovine aortic endothelial cells of passage 11-12 were maintained at 37◦C and
5% CO2 in Medium 199 (Invitrogen, Carlsbad, CA) containing 10% FetalClone
III (HyClone, Logan, UT), 1% penicillin/streptomycin, 1% minimum essential
medium (MEM) vitamins (Mediatech, Manassas, VA), and 1% MEM amino
acids (Invitrogen).
A.1.5 Imaging
Confocal microscopy for SR measurements
Micromolded PA gels were immersed in either Medium 199 or PBS containing
17.5 mM 40-kDa fluorescein isothiocyanate (FITC)-conjugated dextran (Sigma)
and imaged using a Leica SP2 confocal microscope to obtain XY and XZ cross
sectional images. A minimum of 10 features per gel were analyzed using NIH
ImageJ to determine feature dimensions.
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Time-lapse phase-contrast microscopy
Micromolded PA gels were placed in the bottom of 6-well plates and seeded
with 15,000 cells/well. Cells were allowed to spread for a minimum of 5 hours
before being subjected to time-lapse phase contrast microscopy (at 37◦C, 5%
CO2) on a Zeiss Z1 inverted microscope. Images were collected every 10 min-
utes for at least 12 hours. Cell behavior was analyzed from the collected images
using NIH ImageJ.
Fixing and staining of cells in micromolded collagen
Samples were blocked with 0.02% (v/v) Tween 20 (JT Baker, Phillipsburg, NJ) in
PBS with 3% (w/v) bovine serum albumin (BSA, Sigma). Gels were incubated
1:50 with rabbit anti-rat collagen antibody (Santa Cruz Biotechnology, Santa
Cruz, CA) in PBS/1% (w/v) BSA and a 1:200 FITC-conjugated goat anti-rabbit
antibody (Santa Cruz). Patterned collagen was imaged with a Zeiss confocal
microscope with a Hamamatsu ORCA-ER camera. Images of micropatterned
PA gels were analyzed by measuring the perpendicular distance between the
long axes of adjacent patterned features with NIH ImageJ.
Staining of micropatterned ligands
Cells were fixed by incubating samples for 30 minutes with 3.7% formaldehyde
in PBS. Samples were washed three times with PBS, permeabilized with 1%
(v/v) Triton in PBS and blocked with 3% (w/v) BSA (Sigma) in PBS/0.02%
(v/v) Tween 20. F-actin was labeled by incubating samples with AlexaFluor
488 Phalloidin (Molecular Probes) in PBS for 2 hours followed by three more
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washes in PBS. Nuclei were then labeled by incubating with 4’,6-diamidino-2-
phenylindole (DAPI, Sigma) 1:10 in 18.2 MΩ cm purified deionized water for 10
minutes, followed by three more washes in PBS. Stained samples were imaged
on a Zeiss Z1 inverted microscope.
A.1.6 Mechanical testing of PA gels
Flat PA gels were fabricated using 80 µL of monomer solution containing 0.01%
(w/v) fluorescent beads for mechanical testing. Gels were submerged in PBS
at 37◦C on a Zeiss Z1 inverted microscope and allowed to equilibrate before
indentation measurements were made. Using forceps, a steel microball (0.64
mm in diameter) was placed on the surface of the gel. The microscope was
then focused on the interface of the microball with the gel surface and the stage
micrometer position was recorded. Using a magnet, the steel microball was
removed from the gel surface and the top of the gel was then focused on to
obtain a second stage micrometer position. The difference in stage Z-position
was then calculated as the indentation depth of the microball d, and used to
calculate the Young’s modulus of the gel with the following equation described
by Lo and colleagues [13]:
E =
3(1 − v2) f
4d3/2r1/2
Where E is the Young’s modulus, v is the Poisson’s ratio of the gel (assumed to
be 0.3), f is the force of the microball on the gel corrected for buoyancy, and r
is the radius of the microball. At least five deformation measurements per gel
were made on at least two gels to determine the Young’s modulus of a given gel
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formulation. Using this method and steel microball size, the maximum Young’s
modulus (smallest deformation) measured was 42 kPa. Gels for which no de-
formation could be measured were assumed to have a Young’s modulus >42
kPa.
A.1.7 Micromolding of features in collagen
Collagen micromolding was performed using the protocol published by Nelson
and colleagues [2]. Preliminary cell location analysis was performed using a
custom MATLAB script.
A.1.8 Statistical Analysis
Linear regression statistics were obtained with the regress function in MATLAB
2009b (The MathWorks, Natick, MA). Single- or multi-way analysis of variance
was performed on the collected data using JMP 8.0 (SAS Institute Inc., Cary,
NC) to determine statistical significance with p < 0.05.
A.1.9 Data analysis
Described here are various MATLAB scripts developed for data analysis appli-
cations including linear regression (Figure 3.5 and Figure 3.1) and image pro-
cessing (Figure 5.2).
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Code used to perform linear regression of E with T andC from empirical data
(Figure 3.1)
% Table of C, T, and E values
CTE = [ 1.316,3.286,307.491;
3.226,3.351,1227.928;
4.459,3.395,1128.307;
4.459,4.668,3546.642;
1.961,5.514,2866.673;
0.662,8.162,2423.400;
1.153,8.203,2599.969;
2.280,8.297,6140.423;
4.459,8.486,11179.817;
1.157,9.625,11515.014;
1.153,13.124,32098.833;
2.280,13.276,42484.234;];
% Extract T, C, and E variables
C = CTE(:,1);
T = CTE(:,2);
E = CTE(:,3);
% Set up regression
X = [ones(size(C)) C T C.*T];
[b,bint,re,rint,Estats] = regress(E,X);
% Set axis ranges & regression
Cfit = 0:0.1:7;
Tfit = 3:0.1:14;
[CFIT,TFIT] = meshgrid(Cfit,Tfit);
EFIT = b(1) + b(2)*CFIT + b(3)*TFIT + b(4)*CFIT.*TFIT;
% Contour plot
v = min(min(EFIT)):500:max(max(EFIT));
figure, [c,h] = contourf(CFIT,TFIT,EFIT,v);
title(’\itE \rm(Pa)’),xlabel(’C (%)’), ylabel(’T (%)’)
set(h,’EdgeColor’,’none’);
colormap(flipud(colormap));
caxis([0 max(max(EFIT))]);
colorbar;
% Overlay location of empirical TC data points
hold on
scatter(C,T,’*k’)
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Code used to perform linear regression of SRZ with T and C from empirical
data (Figure 3.5)
% Table of T, C, and SR values
CTSR = [1.153,8.203,2.071;
1.153,13.124,2.293;
2.280,8.297,1.521;
2.280,13.276,1.755;
4.459,3.140,1.907;
4.459,4.670,1.440;
4.459,5.941,3.365;
4.459,8.486,1.316;
4.459,13.578,1.206;
6.015,8.627,1.355;
6.015,13.803,1.110;
7.006,8.720,1.183;
6.977,13.946,1.207;];
% Extract T, C, and SR variables
C = CTSR(:,1);
T = CTSR(:,2);
SR = CTSR(:,3);
% Set up regression
X = [ones(size(C)) C T C.*T];
[b,bint,r,rint,SRstats] = regress(SR,X);
% Set axis ranges & regression
Cfit = 0:0.1:7;
Tfit = 3:0.1:14;
[CFIT,TFIT] = meshgrid(Cfit,Tfit);
SRFIT = b(1) + b(2)*CFIT + b(3)*TFIT + b(4)*CFIT.*TFIT;
% Contour plot
v = min(min(SRFIT)):0.01:max(max(SRFIT));
figure, [c,h] = contourf(CFIT,TFIT,SRFIT,v);
title(’\itSR_Z’), xlabel(’C (%)’), ylabel(’T (%)’)
set(h,’EdgeColor’,’none’);
colorbar;
% Overlay location of empirical TC data points
hold on
scatter(C,T,’*k’)
Code used to generate frequency maps of cell location from gray-scale images
of nuclei (Figure 5.2)
%% Stack, threshold, and visualize images
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% Images to be stacked should all be in the same directory
% Images are treated as 2D arrays of unsigned 8-bit integers
% Create an array of filenames that make up the image sequence
fileFolder = fullfile(’/Path/To/Images/’);
dirOutput = dir(fullfile(fileFolder,’*.JPG’));
fileNames = {dirOutput.name}’;
numFrames = numel(fileNames);
I = imread(fileNames{1});
% Preallocate first (grayscale, 8-bit) array
sequence = zeros([size(I(:,:,1)) numFrames],class(I));
% Set first 2D element in ’sequence’ to the first read image
sequence = I(:,:,1);
% Read in images to the stack called ’sequence’
for p = 2:numFrames
J = imread(fileNames{p});
sequence(:,:,p) = J(:,:,1);
end
% Preallocate second (binary) array
b_sequence = zeros([size(I(:,:,1)) numFrames],class(I));
% Set first 2D element in b_sequence to the first thresholded image
b_sequence = thresh(sequence(:,:,1));
% Threshold images from ’sequence’ using custom threshold function THRESH
for k = 2:numFrames
b_sequence(:,:,k) = thresh(sequence(:,:,k));
end
% Sum binary frames along 3rd dimension, divide by # of frames to get freq
freq_sequence = sum(b_sequence,3)/numFrames;
% Plot
v = 0:0.05:1;
figure, [c,h] = contourf(freq_sequence,v);
set(h,’EdgeColor’,’none’);
caxis([0 1]);
colorbar;
Thresholding function ”thresh.m”
function [ binarized_image ] = thresh( image )
% Compute appropriate threshold value
level = graythresh(image);
% Use threshold value to binarize image
binarized_image = im2bw(image,level);
end
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Contour plots of radial analysis
Although this script is not applied in this thesis, it has proven to be a useful tool
for analysis in other projects, thus warranting its inclusion.
A radial analysis approach is used here to determine the degree of collagen
alignment surrounding a cell in a confocal reflectance image of collagen. The
script reads in an array of pixel intensity values as a function of distance and
degrees measured in NIH ImageJ. The values are then shortened to the edge of
the cell (by the ”shorten” function) and intensities are plotted as distance vs. de-
grees. These plots reveal the morphology of collagen alignment and are useful
for comparing images of cells in with aligned collagen where the differences are
not immediately apparent.
Additionally, this technique can be adapted to plot the distance of the cell
periphery from its centroid as a function of degrees. For example, observing the
periphery at a consistent distance from the centroid across all degrees would in-
dicate a circular morphology while two peaks separated by roughly 180 ◦ would
indicate an elongated morphology. This provides a quantitative measure of cell
morphology that could be used to describe more complex cell shapes.
Code used to analyze radial information to generate an average intensity plot
and contour plot
%% Concatenate %% % read in tab delimited data files from ImageJ
A = dlmread(’Results0.xls’, ’’, 1, 1); % read in initial file
for i = 1:1:359 % iterate through all files
filename = [’Results’ num2str(i) ’.xls’]; % read in next file
I = dlmread(filename, ’’, 1, 1);
A = cat(2, A, I); % add next file to matrix
end
dlmwrite(’All.txt’, A, ’\t’) % write concatenated data to file
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Shorten % See custom function Shorten.m below
%% Plot %%
A = dlmread(’All_short.txt’, ’’); % read data
L = size(A); % get size
r = 1:L(1,1); % generate x values in pixels
pxum = 2.8; % number of pixels in one micron (specific to image)
R = r/pxum; % set X values in microns
% Generate plot values
Am = mean(A,2); % average values over all rays
D = 0:359; % generate degree index
Half = trapz(Am)/2; % calculate half of area under the averaged curve
AmC = cumtrapz(Am); % generate array of the cumulative sum of the average
BL = mean(Am(L(1,1)-10:L(1,1))); % determine baseline intensity from last 10 values
AmN = Am-BL; % normalize averaged values to baseline
HalfN = trapz(AmN)/2; % calculate half of area under the normalized average curve
% Determine the "mean" of the averaged curve as if it were a distribution
for i = 1:1:L(1,1) % search along length
if AmC(i) > Half % until half of the area has been passed
HalfLoc = i; % remember location where half is passed
break
end
end
xmean = [’Distance (\mum), mean at ’ num2str(R(i))];
% Determine the "mean" of the averaged curve (after normalization)
for j = 1:1:L(1,1) % search along length
if AmC(j) > HalfN % until half of the area has been passed
HalfLocN = j; % remember location where half is passed
break
end
end
xmeanN = [’Distance (\mum), mean at ’ num2str(R(j))];
% Plot parameters
IntensMin = 0;
IntensMax = 255;
% vector indicating contour lines should be every 15 units of intensity
v = IntensMin:1:IntensMax;
% Plot averaged data over all rays
figure, subplot(2,1,1), plot(R,Am)
xlabel(xmean), ylabel(’Intensity (a.u.)’), axis([0 22 IntensMin IntensMax])
% Plot normalized averaged data over all rays
subplot(2,1,2), plot(R,AmN)
xlabel(xmeanN), ylabel(’Intensity (a.u)’), axis([0 22 IntensMin IntensMax])
% Contour Plot over all rays
figure, [c,h] = contourf(D,R,A,v);
xlabel(’Angle (degrees)’), ylabel(’Distance (\mum)’)
set(h,’EdgeColor’,’none’);
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colorbar;
Custom function ”Shorten.m”
A = dlmread(’All.txt’, ’’, 0, 0); % read data from file
S = size(A); % get size of data set
% shift rays so that non-zero values start at position 1
for k = 1:1:S(1,2) % iterate for all rays
j = 1;
for i = 1:1:S(1,1); % iterate through the entire length of ray
if A(i,k) > 0; % if element i is non-zero
A(j,k) = A(i,k);% place it at position j
A(i,k) = 0; % and set position i to zero
j = j + 1; % increment position j
end
end
end
% shorten matrix height to that of shortest column
for m = 1:1:S(1,1) % iterate through all degrees
for k = 1:1:S(1,2) % iterate through all rays
if A(m,k) == 0 % if element is zero
for j = S(1,1):-1:m % delete end row up to the current row
A(j,:) = [];
end
dlmwrite(’All_short.txt’, A, ’\t’); % write data to a new file
return
end
end
end
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